Annealing of amorphous Si/SiO 2 multilayer produces nanocrystals embedded between oxide interfaces with the size of the nanocrystals depending on the Si layer thickness. It is found that the crystallization temperature is strongly enhanced by the presence of the oxide interface and follows an exponential law. A model is presented, which derives the exponential dependence taking into account the interface energies, the thickness of the layers, the melting point of the system, and the bulk amorphous crystallization temperature. The critical crystallization radius and the critical thickness of the Si layer are discussed.
INTRODUCTION
Today, polycrystalline Si (poly-Si) is applied in ultra large scale integration technology both for active and passive components. For device application precise engineering of the Si grain size with focus on control in grain boundary and defect density is essential. In view of the visible luminescence of nanocrystalline Si (nc-Si) the control of size, the passivation and arrangement of Si nanocrystals embedded in oxide matrix is mandatory. The preparation of Si/SiO 2 superlattices (SL) represents a way to control the arrangement as well as the size of the nanocrystals.
However, the kinetics of the amorphous to polycrystalline transition has to be reviewed to get a qualitative understanding of the crystallization process in the limit of very thin films. The solid phase crystallization of chemical vapor deposited amorphous Si films for thickness above 50 nm has been reviewed extensively [1] . However, there are only a few data at hand for the crystallization behavior for a thickness below 50 nm. Also, the existing models for the kinetic mechanisms of crystal grain growth are not applicable in the presence of multiple stacks of Si/SiO 2 periods. Here, the amorphous-to-crystalline phase transition occurs through random nucleation of crystalline clusters surrounded by amorphous material under the strain field of the superlattice structure.
Compared to a solid bulk phase crystallization the process involves several additional phenomena such as the creation of the crystalline seeds themselves, the influence of the oxide interface, the influence of strain, the influence of extended defects at the grain surface etc. Also, a prevented nucleation of Si near the SiO 2 interface concerning the first adjacent 0.5-1.0 nm of the Si layer was reported [2] . A strong increase of the crystallization temperature was shown for amorphous Si/SiO 2 superlattices [3] , Si/SiO x [4] , Ge/SiO 2 [5] , and Ge:H/GeN x [6] . In this work we will show the general character of the increase in crystallization temperature for reduced layer thickness and discuss the origin of this retarded crystallization. 
EXPERIMENTAL DETAILS
Amorphous Si/SiO 2 multilayers on crystalline Si substrates were prepared by rf sputtering and plasma oxidation with Si thickness varied from 1.9 nm to 20 nm and a constant thickness of the amorphous SiO 2 (∼3 nm). Furnace annealing was used for crystallization in the temperature range of 700 to 1050 o C. The temperature was raised by 50 K from sample to sample which results in a determination error for the crystallization occurrence of around 25 K. The crystallization state was investigated by wide angle X-ray scattering, TEM, and HRTEM (for more details see [7, 8] ). . 1 summarizes the crystallization temperature of an ensemble of superlattices based on different materials and interfaces as a function of layer thickness. An exponential increase in crystallization temperature was found while decreasing the layer thickness in all these different systems. Empirically, the exponential increase of the crystallization temperature was fitted by
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where T melt represents the melting temperature of bulk crystalline material, T ac is the crystallization temperature of a thick bulk amorphous film, and d is the real thickness of the layer [8] . The lines in Fig. 1 represent a data fit using the above equation and parameters summarized in table 1.
In addition, we found that the inhomogeneous strain of the Si/SiO 2 films at the crystallization temperature c T depends via ) . / exp( 56 2 d − on the Si layer thickness (d in nm) [3] . Hence, the strain as well as the crystallization temperature showing a similar dependence on the Si layer thickness independent of the material sandwiched between the oxide interfaces.
In case of thick amorphous films the kinetics of the amorphous to polycrystalline phase transition were described previously by classical nucleation theory [1] . However, an amorphous SiO 2 interface on both side of a thin Si layer (below 50 nm) will not result in a homogeneous and uninfluenced nucleation within the layers. Similar as in [4, 5] , we assume here that the crystallization nucleus is cylindrically in shape and symmetrically embedded in the amorphous material between the oxide interfaces. However, we superlattice material
T melt T ac C
Si/SiO 2 (curve 1) 1683 K 973 K 2.56 nm Ge/SiO 2 (curve2) 1211 K 773 K 2.52 nm In principle, for each combination of phases we assume that a well defined, i.e. a sharp and perfect interface bounded by bulk material can be formed, which is characterized by its specific free interface energy. We define ac γ , oc γ , and oa γ as the specific interfacial free energies per unit area between the different material phases. However, for the sandwich structure considered in Fig. 2 , the interfaces between material o and material c are not well defined if the distance l between these materials is in the order of only a few lattice constants. For 0 l = , that is d h = , the Persans model should be re-derived. In the other limit, for l very large ( ∞ → l ), the materials o and c are separated by two non interacting, well defined interfaces. In order to rationalize the interaction between these two interfaces for small l , an effective interface energy is defined, which interpolates between the above well defined limiting cases. For more details please see [3] . Hence, we write:
as an effective order parameter which is normalized to unity for the true oxide/crystalline interface and zero for the true amorphous/crystalline interface. In view of the exponential dependence of the inhomogeneous strain from layer thickness, M is expected to be an exponentially decreasing function of the interface spacing l. Assuming short range interatomic forces, 0 l can be interpreted as an average screening or bonding length which is related to the range of interatomic forces typical for the materials o and c. The nucleation energy barrier is then given by the difference of the Gibbs free energies: . With this approximation and under the assumption that the right circular cylinder of radius r and height h in Fig. 2 (b) corresponds to the equilibrium shape of the critical nucleus the radius-to-height ratio . The crystallization temperature c T tends to the temperature of the melting point of bulk crystalline silicon K 1683 T melt = in the limit of zero Si layer thickness, whereas in the thick layer limit we get
as was mentioned before [3] . Similar results were obtained for Germanium (see Table 1 ). According to our theoretical results, the enhancement of c T in the limit 0 d → is related to the difference in the specific interface energies of the interfaces between the involved crystalline and amorphous phases. However, taking into consideration that the melting of the crystalline phase is likewise associated with the nucleation of a crystalline-to-liquid interface, the above results at last give us a hint why the crystallization temperature c T for 0 d → and the melting point m T of the crystalline phase are in such a good empirical correlation.
DISCUSSION
The above crystallization model describes in detail the extraordinary crystallization behavior of ultra thin layers in a superlattice structure. The screening length 0 l should be related to the range of interatomic forces or to the length of elastic interactions between the respective interfaces. We found nm 56 2 52 2 C . . − ≈ independent of the material (Ge, Si). Hence, the screening length is given by nm 64 0 l 0 . ≈ , which would correspond to a range of 2-3 interatomic distances using the lattice parameter of Si and Ge.
The minimum lateral radius * r of the cylindrical nucleus which is only determined by Further, using the numerical values available [3] , we expect no crystallization for layer thickness
for the a-Si/SiO 2 system whatever the temperature. This is in good agreement with our measurements on the Si/SiO 2 system, where a crystallization has been observed up to 
CONCLUSION
The exponential scaling of crystallization temperature and layer thickness for (Si,Ge)/SiO 2 superlattices is shown. This behavior is reduced to basic material properties like the bulk amorphous crystallization temperature and the melting point using an empirical model. In addition, the exponential increase of the crystallization temperature with decreasing layer thickness is derived using crystallization theory and taking into account the different interface energies and materials. This has been achieved by introducing the novel concept of an effective interface energy that interpolates between the true oxide/ crystalline interface energy and the true amorphous/crystalline interface energy by means of an order parameter varying continuously with interface spacing. The model yielded a lower bound for the layer thickness below which no crystallization can occur for the Si/SiO 2 system.
